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Understanding laser interaction with metal powder beds is critical in predicting optimum processing
regimes in laser powder bed fusion additive manufacturing of metals. In this work, we study the
denudation of metal powders that is observed near the laser scan path as a function of laser parameters
and ambient gas pressure. We show that the observed depletion of metal powder particles in the zone
immediately surrounding the solidiﬁed track is due to a competition between outward metal vapor ﬂux
directed away from the laser spot and entrainment of powder particles in a shear ﬂow of gas driven by a
metal vapor jet at the melt track. Between atmospheric pressure and ~10 Torr of Ar gas, the denuded
zone width increases with decreasing ambient gas pressure and is dominated by entrainment from
inward gas ﬂow. The denuded zone then decreases from 10 to 2.2 Torr reaching a minimum before
increasing again from 2.2 to 0.5 Torr where metal vapor ﬂux and expansion from the melt pool domi-
nates. The dynamics of the denudation process were captured using high-speed imaging, revealing that
the particle movement is a complex interplay among melt pool geometry, metal vapor ﬂow, and ambient
gas pressure. The experimental results are rationalized through ﬁnite element simulations of the melt
track formation and resulting vapor ﬂow patterns. The results presented here represent new insights to
denudation and melt track formation that can be important for the prediction and minimization of void
defects and surface roughness in additively manufactured metal components.
© 2016 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).1. Introduction
Laser powder bed fusion (LPBF) of metal powders is currently
the dominant method for producing 3D printed metal structures.
While the new design freedoms afforded by additive
manufacturing of components directly from digital ﬁles has
impacted multiple areas of industry, the resulting properties of the
material in the printed part generally do not match those of
wrought or cast metal [1,2]. On the one hand, grain reﬁnement
hardening or internal dislocation effects through the rapid thermal
cycling typical of LPBF can lead to stronger materials compared
with more traditional methods [3]. On the other hand, voids
associatedwith keyhole-modemelting (due to strong vaporization)
or the incomplete melting of powder (i.e., lack of fusion defects) can
have signiﬁcant and negative effects on mechanical properties suchlsevier Ltd. This is an open accessas fatigue [4]. Residual stress, non-equilibrium material phase, and
high surface roughness are also known to degrade ultimate part
performance. It is well known that the scan strategy used (laser
power, beam size, scan speed, hatch spacing) can have a strong
effect on porosity and void generation. In particular, careful choice
of the hatch spacing is important in order to avoid linear void
structures associated with powder denudation effects [5,6].
Denudation, or the apparent clearing of powder around a single-
track bead, has been observed in the literature, but to our knowl-
edge, the detailed physics that produces denudation has not been
reported [5,7e9]. Moreover, currentmodeling and interpretation of
the experimental data is focused on only heating andmelting of the
powder, without regard to complete two-phase ﬂow behavior that
includes the ambient gas. As we will show here, the ambient gas
and the induced powder motion is in fact important for both the
denudation process and for the incorporation of powder into the
melt track which forms the building block of a LPBF manufactured
part.
In this work, we study the denudation of titanium alloy andarticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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gas pressures using a pressure-controlled single-track test cham-
ber and high-speed imaging. Our principal ﬁnding is that, for a
typical LPBF environment (Ar gas at 760 Torr), the dominant
driving force for denuding powder near a melt track is the
entrainment of particles by surrounding gas ﬂow. The ﬂow is
induced by the intensive evaporation that occurs within the laser
spot and pressure drop inside the associated vapor jet due to the
Bernoulli effect. To a lesser extent, particles within a few particle
widths of the melt track can also be consumed through direct
contact with the liquid metal and capillary forces. The vapor-
driven entrainment causes particles to not only be incorporated
into the melt track, an effect intimately related to ﬁnal bead size of
the track, but also to eject vertically and rearward relative to laser
scan direction and redistribute elsewhere on the powder bed. In-
bound particles, under certain conditions, can impact the melt
pool yet remain semi-solid, resulting in track roughness. When
ambient gas mass ﬂux is reduced through a reduction of pressure
below ~50 Torr, the induced convective ﬂow ﬁrst increases then
vanishes below ~10 Torr, revealing an outward expulsion of nearby
particles away from the laser spot due to direct vapor momentum
transfer from the melt pool. Interestingly, a minimum in denu-
dation width occurs are ~4 Torr at which the effects balance and
the denuded zone is very sharply deﬁned in comparison to higher
pressures. Our experimental results are supported by powder-
scale ﬁnite element modeling of the laser-powder-melt interac-
tion. The ﬁndings presented here shed new light on denudation
effects which can lead to void defects and layer non-uniformity,
and help explain some unresolved observations in the literature
related to process-property correlation and highlight the deﬁ-
ciency of existing single phase ﬂow models.2. Experimental details
A 600 W ﬁber laser (JK lasers, model JK600FL) is directed
through a 3-axis galvanometer scanner (Nutﬁeld technologies)
and into a 15  15  15 cm3 vacuum chamber through a high
purity fused silica window. The ~ f/20 optical system results in a
focused D4s diameter of ~50 mm at the sample. The vacuum
chamber is evacuated using a turbomolecular pump and purged
with argon. Residual oxygen content is measured using a pho-
toluminescence quenching meter (Ocean Optics Neo Fox) and the
concentration of oxygen was below 0.01%, the lower limit of the
sensor’s measurement range. Pressures between 0.5 and
500 Torr were controlled using a combination of purge and
pumping rates. A separate setup was used outside the chamber
at ~760 Torr of ﬂowing Ar gas to image the melt pool formation
using an off-axis (~45) high-speed camera (Shimadzu HPV-2),
microscope optics (Mititoyo 10/0.28NA, Inﬁnity K2) and a
10 nm band pass ﬁlter centered at 638 nm to reject incandescent
emission from the melt pool. Imaging was performed at 500,000
frames per second, with an optical resolution of ~5 mm. A ~1 W,
638 nm diode laser was used to illuminate the surface. In both
conﬁgurations, a 25.4 mm diameter, 3.2 mm thick build plate of
the same composition as the powder with a bead-blasted and
ultrasonic cleaned surface was used. For the pressure-dependent
studies, gas atomized ~30 mm Tie6Ale4V powders (‘Ti64’) were
manually applied using a stainless steel razor edge to simulate
the spreading process in production machine. Nominal thick-
nesses for the metal powder layers for all measurements were
~60 mm. In addition to the Ti64 samples, samples of 316L stain-
less steel and pure Aluminum powders were also prepared in the
same way for ambient pressure, high-speed imaging
measurements.3. Model for simulating melt pool dynamics and vapor ﬂow
patterns
The multiphysics simulation code (ALE3D, Lawrence Livermore
National Laboratory) was used to simulate melt pool formation
[10]. Complete details of the method are given in Ref. [11]. ALE3D
uses an operator splitting approach to advance the simulation. The
Lagrangian-motion component moves material adiabatically in
response to forces, using single point Gauss quadrature for strain
mapping and nodal force calculations based on face normal. The
thermal component moves heat within the materials without any
material motion, using nodal temperature based integration. The
advection component remaps the mesh back to its original
conﬁguration. All three components occur sequentially at every
time step. All boundaries of the computational domain are ﬁxed for
the hydrodynamics component. In the thermal component, all
boundaries except the bottom are treated as insulated. The bottom
face used a custom thermal boundary condition that mimics the
response of a semi-inﬁnite body at this interface. The laser energy
depositionmodel uses the simpliﬁed version of ray tracing [12]. The
code takes into account the evaporation process including the
recoil momentum produced by metal vapor ejection and evapora-
tion cooling. The code also describes the melt motion induced by
the recoil pressure and by the surface tension including melt
spattering effects. Not included in the code at present is the effect of
the ambient gas explicitly (complete two-phase ﬂow) and as a
result, as we will show below, some physics is missed in the
modeling and our experimental results stimulates further code
development.
4. Results
Fig. 1a shows a wide view optical image of displaced powder
surrounding melted tracks created by laser scanning at 2 m/s,
incident powers ranging from 10 to 350Wand at 0.2 Torr of Ar gas.
The lighter contrast in the image represents the re-solidiﬁed melt,
while the background surface is comprised of powder particles. The
powder thickness in the image shown in Fig. 1a is ~60 mm. As a
function of increasing power, the width of both the track and the
denuded zone (DZ) increases. The width of the DZ was analyzed
using a particle detection method described in the Supplemental
Material. The width of the resolidiﬁed melt track was measured
using confocal height microscopy. Fig. 1b shows the laser power
and scan rate dependence of both the DZ and the resolidiﬁed track,
under different ambient pressures (0.2 and 760 Torr). A factor of
almost 2 increase in denudation width is observed with a
decrease of pressure from 760 to 10 Torr, while themelt track width
remains roughly constant as a function of pressure. Apparent in the
low-pressure case is a change in DZ width slope with laser power.
Interestingly, the laser scan rate appears to have little effect on the
DZ width, while the effect on melt track width is more noticeable,
particularly in going from 0.5 m/s to 1.5 m/s.
To better resolve the DZ as a function of ambient Ar pressure,
high-resolution imaging and laser confocal scanning proﬁlometry
were performed on a set of single tracks at 1.4 m/s and 225 W laser
scan rate and power respectively. The optical micrographs shown in
the top portion of Fig. 2 display the progression of the DZ and local
powder morphology as pressure is decreased from 220 to 0.5 Torr.
The data shown in Fig. 2 was derived from the same sample, spread
from a single dose of powder. Powder morphologies observed be-
tween 220 and 760 Torr were virtually identical and therefore not
included in the ﬁgure. At 220 Torr, the DZ is visible and roughly
500 mm inwidth but the resolidiﬁed melt track is barely visible due
to an overlay of powder. As pressure decreases from 220 to 10 Torr,
the DZ increases and the overlay of powder over the track becomes
Fig. 1. (a) Wide ﬁeld image of denuded zones around melt tracks created by LPBF as a
function of laser power and at a scan rate of 2 m/s. The melted track appears as a shiny
semi-continuous line. The denuded zone surrounds each track and appears dark in
contrast above the track and light in contrast below the track. (b) Measured denuda-
tion zone (DZ) and resolidiﬁed track widths as a function of laser power, scan rate and
ambient Ar pressure. Open symbols represent 0.2 Torr, while the solid symbols
represent 760 Torr. Scan rates: square ¼ 0.5 m/s, circle ¼ 1.5 m/s, triangle ¼ 2 m/s.
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2.2 Torr, with an abrupt change between 5 and 2.2 Torr. We note
that for the 2.2 Torr case, the DZ zone edge is very clearly deﬁned
and relatively powder-free. The DZ then increases again for pres-
sures below 2.2 Torr, and powder particles again appear distributed
between the melt track and DZ edge. We note that the size distri-
bution of particles that remain in the DZ varies with pressure as
well, with smaller particle content increasing with decreasing
pressure between 5 and 220 Torr. Conversely, below 2.2 Torr, larger
particles appear to be favored in the DZ. The bottom portion of
Fig. 2 shows the corresponding height map for the optical micro-
graph and quantiﬁes the pileup of powder particles on the melt
track at the higher pressures (22e220 Torr). Note that between 5
and 220 Torr, the edge of the powder layer appears near the
nominal thickness of ~60 mm, whereas from 2.2 to 0.5 Torr the
powder thickness at the DZ edge is ~2 this value, suggesting that
material has been pushed away from the track center. We note thatthe particle size distribution in the powder surrounding the DZ
appears qualitatively the same for all cases except the 2.2 Torr case,
where the powder particles appear somewhat smaller. Assuming
that smaller particles are more easily displaced by the forces that
create the DZ than larger particles, their apparent prevalence at
2.2 Torr suggests that these forces are at a relative minimum, which
is consistent with the minimum width of the DZ at this pressure.
To probe in more detail the dramatic change in DZ width at low
pressures, we varied the pressure in steps as small as 0.1 Torr near
the transition point at ~5 Torr. We used a particle detection algo-
rithm to locate particles within the DZ, and used the 50% transition
point from the low density in the DZ to the surrounding powder
layer to deﬁne the DZ width (see Supplemental Material for addi-
tional details). Fig. 3 shows plotted along the right axis the (log)
pressure dependence of the fractional change in particle density
(i.e. fraction of particles displaced relative to the original powder
density) within the DZ over the central 1.5 mm of a 3 mm track. The
left axis of Fig. 3 shows the change in DZ width as a function of (log)
ambient Ar pressure. Between 500 and ~35 Torr the DZ is measured
to be ~500 mm, but as observed in the images of Fig. 2, the DZ
changes substantially below 35 Torr. Speciﬁcally, we ﬁnd that the
DZ increases with decreasing pressure to ~800 mm at 10 Torr, then
to ~300 mm at 4 Torr before increasing again to ~650 mm for pres-
sures between 0.2 and 0.6 Torr. We note that the decrease in DZ
width is particularly large (~50%) as pressure is decreased from 5 to
4 Torr, while the decrease in DZ from 3 to 4 Torr is more modest
(~14%). Interestingly, the increase in DZ width below 4 Torr is found
to follow to scale with pressure P as ~ P0.05. In both the DZ width
and density fraction data, the error bars shown reﬂect the standard
deviation in particle density along the 1 mm length sampled at
50 mm intervals (30 samples).
A second conﬁguration was used in order to resolve powder
dynamics at atmospheric (760 Torr) pressure. A laminar Ar ﬂow
was established over a 60 mm thick powder layer which was placed
under a microscope and imaged with a high-speed camera. Com-
plete video recordings of several measurements can be found in the
online supplemental material (see ‘high-speed video’ ﬁles). Images
were recorded at 500,000 frames per second with and illuminated
using a continuous wave laser diode. Fig. 4 displays a series of
images taken at the beginning and end of a 200 ms capture showing
a melt pool forming and ‘traveling’ left to right as the laser spot is
scanned at 2 m/s with an incident power of 105 W through a Ti64
powder bed. The orange arrow indicates the location of the laser
path. One can observe that as the melt pool makes contact with the
powder in the immediate vicinity of the laser path, particles are
melted and incorporated into the melt pool. However, a second
process of powder incorporation into the melt pool comes by way
of particles moving towards the melt pool, as we discuss in detail
below.
Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.actamat.2016.05.017.
Highlighted in the background of the þ0 and þ200 ms frames in
Fig. 4 are selected individual powder particles (red dots) and their
trajectory over 200 ms as the laser beam passes nearby creating a
melt pool. A clear initial movement of particles towards the
approximate location of the laser spot (and near the maximum in
surface temperature) is observed. As shown atþ200 ms, a fraction of
the inbound particles collide with the melt pool and are thus
incorporated into the melt (shown by cyan paths) while the
remaining fraction of particles are swept above and away from the
melt pool in a rearward direction relative to the laser scan direction.
This removal of nearby powder particles and motion of powder
particles farther away to partially ﬁll the zone of swept away par-
ticles is consistent with the appearance of ‘piled up’ particles at
high pressures observed in Fig. 2. Incidentally, as is more clearly
Fig. 2. Montage of 1.2  0.25 mm optical micrographs (top) and height maps (bottom) of the solidiﬁed melt track within a powder layer following scanning laser exposure at 225 W
and 1.4 m/s as a function of ambient Ar pressure (shown above image slices in Torr). Three distinct regions can be identiﬁed near the laser path center, namely track accumulation
zone, the denuded zone (DZ), and the background powder zone.
Fig. 3. Denuded zone (DZ) width as a function of ambient Ar pressure, displayed on
left axis. The right axis shows the estimated fraction of detected particles within the
DZ. In both cases, the error bars displayed correspond to the standard deviation of the
sampled data. See Supplemental Material for further details.
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‘spatter’ from themelt pool asmolten droplets are ejected at speeds
of up to ~10 m/s (an additional high-speed video data set in the
supplemental material ‘SS316L montage’ from stainless steel par-
ticles in which the laser band pass ﬁlter is removed most clearlyhighlights the faster moving spatter which appear white due to
incandescence). In contrast, the cold particle motion captured in
Fig. 4 occurs at speeds closer to ~2 m/s. Although most of the hot
droplets ejected from the melt pool were ejected rearward and
were similar in size to the original powder, liquid droplets could be
observed ejected forward and were much larger (similar in size to
the track width, 60e100 mm). A detailed discussion of this spatter
behavior is beyond the scope of this paper. However, it is noted that
material spatter, particularly large droplets, can have negative ef-
fects on the material and mechanical properties of ﬁnal LPBF parts
[13,14].
From the high-speed imaging data, we observe that inward
particlemotion leads to (1) addition of powder to themelt track not
immediately in the laser beam path and (2) dispersal of powder
upward and rearward thus contributing further to a denuded zone.
Although the high-speed imaging was only performed at atmo-
spheric pressures, the lack of pile up of material around the fusion
zone below ~50 Torr in the images of Fig. 2 implies that less ma-
terial is incorporated into the melt track and, as a consequence, we
expect melt heights and volumes to increase with increasing
ambient pressure. Fig. 5 shows the average height of the resolidiﬁed
tracks as a function of pressure corresponding to the data in Figs. 2
and 3 (1.4 m/s, 225 W), after the ~60 mm powder layer was brushed
off of the sample. The error bars shown in the ﬁgure correspond to
the standard deviation of the measurements along the 3 mm track
at 1 mm sampling intervals. At near-atmospheric pressure
(500 Torr), the track height is ~30 mm, decreasing to ~15 mm near
100 Torr, and gradually decreasing non-monotonically to ~11 mm at
0.2 Torr. We note that both the height and the variation in the
Fig. 4. High speed imaging of melt track progression and powder movement under the inﬂuence of the hot vapor Bernoulli effect. The laser scan path over 200 ms is shown as the
horizontal arrow (in orange) at þ0 ms in the upper left, and initial selected particle positions shown by red dots. After þ200 ms (top right image) the particles highlighted at þ0 ms
have been displaced, with a fraction of them colliding with the melt pool (shown as blue arrow trajectories) and being incorporated into the melt and the remaining fraction being
swept away from the melt pool (shown as yellow arrow trajectories) in a rearward direction relative to the laser scan direction. The series of four images at the bottom of the
montage display intermediate times, with an orange arrow indicating the location of the laser progressing left to right through the frames. The images shown were captured at
500 k fps with an illumination diode bandpass ﬁlter to block melt pool incandescence, with a laser scanning speed and incident power of 2 m/s and 105 W respectively. For
additional laser conditions and full length video, see Supplemental Material.
Fig. 5. Average height of the resolidiﬁed melt tracks as a function of pressure for
u ¼ 1.4 m/s and P ¼ 225 W. The error bars correspond to the standard deviation of the
measured height along 3 mm of track at a 1 mm sampling interval. The inset shows the
average height lineout for 0.2 and 500 Torr.
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loghies observed in Fig. 2: in cases where the DZ is relatively
powder free, both the height and the standard deviation are at a
local minimum pointing to the stochastic nature of powder incor-
poration through apparent ﬂow-driven entrainment. Although not
shown, no signiﬁcant difference was observed between the 1.4 m/s,
225 W data shown in Fig. 5 and the other two cases studied (0.6 m/
s, 150 W and 2 m/s, 350 W).
The effect of denudation on the deposition pattern produced by
multiple, overlapping tracks has been studied in the past [7,15] and
is relevant when considering a complete additive manufacturing
process. For example, Thijs et al. noted the presence of elongated
pores (see Fig. 5b of [7]) which they attributed to powder denu-
dation and accumulation of surface roughness between layers. InFig. 6, we present the multiple track patterns for different ambient
pressures and track overlap of ~30%, laser power of 225Wand scan
speed of 1.4 m/s. Fig. 6a displays the optical micrograph while
Fig. 6b shows the height maps corresponding to the images in
Fig. 6a. We can see that at high pressures, the melting and
spreading of the additional powder supplied by the vapor ﬂow
allow for deposition layers roughly 30e50 mm thick, whereas at low
pressures only the ﬁrst 1e2 scans produce deposition tracks with
any appreciable height. At the highest pressure shown, 500 Torr, a
gradient in height is observed with the height decreasing from
60 mm at the ﬁrst track to less than 20 mm for the last track. This
behavior is consistent with the pile up of powder near a resolidiﬁed
track following a single scan, since material pulled away in the DZ
to build early tracks leaves later tracks relatively powderless and
unable to produce thick tracks. It is worth noting that this effect has
been observed for both single track experiments on bare plates [5],
as well as multiple track scans performed in a commercial PBF
system [16]. In particular, Yadroitsev et al. [16] showed that denu-
dation leads to a decrease in track height with successive scans
which is strongly affected by hatch spacing. Thus, when inter-
preting the single track data presented here (and elsewhere), it is
important to consider how denudation plays a role in determining
optimal process parameters and scan strategies.
Turning now to the powder-scale model simulation results,
Fig. 7a displays a cut-through view of a simulated melt track within
a full layer of metal powder for power of 300 W, D4s beam
diameter of 54 mm, and scan speed of 1.8 m/s where the laser beam
is traveling left to right. The times displayed in Fig. 7a correspond to
time since the initiation of the track at the left of the simulated
domain. As mentioned above, an explicit two-phase ﬂow with gas
is not simulated. However, in terms of vapor pressure calculations,
an ambient pressure of 760 Torr is used. One can see a consolidated
melt track roughly 96 mm in width, preceded by a 68 mm deep
depression created through vapor recoil pressure. Under these
conditions, the DZ is simulated to be on the order of 2 particle
widths (~60 mm) and much smaller than observed experimentally
at any ambient pressure. Nonetheless, capillary action of nearby
melted particles leads to a small DZ on the order of the size of an
Fig. 6. Montage of micrographs (a) and confocal height maps (b) of 9 overlapping laser tracks as a function of ambient pressure.
Fig. 7. Powder-scale ﬁnite element model simulations of laser powder bed fusion of metal powder. (a) Log of vapor ﬂux [moles/m2s] overlaid on simulated powder bed morphology
showing the extent and directionality of the metal vapor at three snapshots in time after the beginning of the track. The velocity [m/s] vectors indicate surface motion. (b)
Simulations of an edge illuminated particle near the melt track being ejected through self-recoil vapor pressure and traveling outward towards nearby powder particles.
M.J. Matthews et al. / Acta Materialia 114 (2016) 33e4238individual particle. The color scale in Fig. 7a corresponds to the log
of the mass ﬂux density of the vapor, peaking at ~1000 mol/m2s.Notably, the peak in the vapor ﬂux does not occur at the bottom of
the depression but at the leading edgewall (right side of depression
M.J. Matthews et al. / Acta Materialia 114 (2016) 33e42 39in Fig. 7a), thus directing vapor motion upward and backward. Also
indicated in Fig. 7a by arrows is the surface motion induced by both
recoil pressure and Marangoni convection.
Fig. 7b consists of simulation snapshots of an array of powder
particles interacting with a laser beam of power of 300 W, D4s
beam diameter of 54 mm, and scan speed of 2 m/s with the laser
moving from left to right. The particles are initially slightly dis-
placed from the centerline, so as to put in evidence the particle
motion as a result of a lateral force. The times shown in Fig. 7b
indicate elapsed time since the initiation of the track. Overlaid on
the ﬁgure in pseudocolor is the log of the vapor ﬂuxmagnitude and
directional arrow vectors associated with the motion of each grid
point in the simulation domain. As the beam approaches a particle,
it heats the particles non-uniformly. Since the beam radius is on the
order of a particle diameter, this non-uniform heating leads to a
strong lateral (y-direction) thermal gradient. Under typical pro-
cessing conditions, the deposited energy is enough to heat one side
of a particle to the boiling temperature. Due to the exponential
dependence of vapor ﬂux on temperature, a highly localized recoil
force is created on the side of the particle at time 5 ms (center frame
of Fig. 7b). This force is strong enough to propel the particle side-
ways at speeds close to 20 m/s and through momentum transfer
with neighboring particles might explain the denudation and pile-
up effects occurring at low pressures.
5. Discussion
Prior to this study, a clear picture of the causes for denudation
was not available. Moreover, the effect of pressure on the track
consolidation process was not explored whatsoever. We now
discuss the underlying physics driving the phenomena observed in
the high-speed video and in ex situmorphology characterization as
a function of pressure. The principal processes to address are laser
absorption into the powder, melt pool formation, evaporation and
motion of the two-phase ﬂuid system. The laser parameters used in
this study (50e300W, 0.5e2m/s, 50 mmD4s diameter) correspond
to irradiance levels near ~10 MW/cm2 and effective dwell times
(beam diameter divided by scan speed) of 10’s of ms. It can be shown
that the time required to melt a 30 mm diameter Ti64 metal sphere
in loose contact with surrounding material is approximately 2 ms.
As a result, particles melt mainly on the front edge of the laser spot
and most of the beam interacts with the melt (see modeling Fig. 6
and experimental Fig. 4).
Several complex processes inﬂuence the interaction of the
rapidly formedmelt pool and the surrounding particles. Themelted
metal wets the substrate and the surface tension will spread the
melt pool around the beam path. This capillary-driven motion and
thermal transport into the substrate leads to amelt track width that
is typically 2 to 3 times that of the incident laser beam. Additionally,
the melt surface is easily heated over the boiling point leading to
vapor recoil momentum [17] which can further drive the melt
outward. Marangoni convection, that will tend to drive an outward,
circulating ﬂow in themelt pool, is also known to be important [18].
When the melt encounters a particle, wetting and particle melting
rapidly occurs. Surface tension then acts to ‘pull’ melted particles
into the melt pool, and further adds to the dynamic motion of the
liquid around the laser spot. Correspondingly, a small denudation
zone is created through the immediate incorporation of particles
into the melt pool. However, this effect involves only the particles
directly interacting with the melt over a distance of approximately
the particle diameter, and cannot explain the much wider denu-
dation zone observed experimentally.
We now consider the action of the metal vapor ﬂux on the melt
pool and solid metal particles. Because the laser spot size is com-
parable to the size of the powder particles, ﬂuid instabilities drivenby vapor recoil and spatially varying absorptivity [19] lead to highly
dynamic motion of the melt pool which can be seen in the sup-
plemental video material. The temperature-dependent recoil
pressure exerted on themelt pool due to evaporated metal atoms is
given by Ref. [20].
PðTÞ ¼ P0e

c

1
Tb
1T

(1)
where P0 is the ambient gas pressure, c is the evaporation energy
per atom, and Tb is the boiling point of the liquid metal. For 316L,
c ~ 4.3 eV and Tb ¼ 3560 K. We then employ our powder-scale
simulations to calculate the peak surface temperature for a
300 W laser power and 1.8 m/s scan speed to arrive at T ~ 4000 K
and recoil pressures around 4.7P0. The pressures exerted on the
liquid surface drive ﬂuid motion at velocities given approximately
by Ref. [21].
u 
ﬃﬃﬃﬃﬃﬃ
2P
r
s
(2)
where r is the liquid metal density. Using Eq. (2), we ﬁnd that melt
pool velocities are approximately 10 m/s, agreeing well with the
observed motion captured in the high-speed video. We should
emphasize however, that these are only rough approximations to
the general behavior and that the dynamics and spatial non-
uniformity of the laser heating neglected here could play an
important role. Nonetheless, the vapor pressure and associated ﬂux
generated are sufﬁcient to create localized ﬂuid ﬂow that can
interact with the surrounding powder layers.
Both the experimental data and modeling presented thus far
emphasize that the denudation is complex phenomena driven by a
few competing effects. The vapor ﬂow induces an inward ambient
gas ﬂow that entrains particles and results in the denudation zone.
On the other hand, a few effects can act to move the particles away
from the track also leading to denudation.We already discussed the
particle side ejection (Fig. 7b) due to the non-uniform illumination
as a possible mechanism. It was also demonstrated by modeling
(see Fig. 7a) that the vapors from a fully developed melt pool are
ejected partially back but also sideward due to the curvedmelt pool
surface. Vapor ﬂow from the curved melt pool surface can thus
move particles outside the track in multiple directions. In addition,
metal vapor ﬂux emitted from the melt pool at low pressures may
sufﬁciently expand into a wide plume as compared to a more
narrow jet at higher pressures. At high ambient pressure the
experimental results demonstrate that the inward particle motion
results from a metal vapor jet and Bernoulli effect-driven gas ﬂow,
as depicted in Fig. 8; at low pressure this mechanism is arrested and
denudation could be explained by outward gas expansion and the
ejection of particles from the track region leading to particle pile up
on the edge of denudation zone. Despite the unavailability of high-
speed video data at low pressures, the pressure-dependent exper-
iments help to clarify the relative roles of the competing effects that
are at play during the LPBF process.
Our experiments demonstrate the important effect of the sur-
rounding gas on the powder particle movement for pressures
above ~5 Torr. As we mention above, at typical experimental pa-
rameters we have intensive evaporation of metal within the melt
pool. Metal vapor is expelled normal to the surface with a velocity
close to the thermal velocity associated with the surface tempera-
ture. Our simulations give a maximum surface temperature esti-
mate for Ti64 of about 3000 K at 225 W, 1.4 m/s and a maximum
vapor velocity about 700 m/s. The localized directed ejection of
vapor is an example of a well-known “submerged jet” problem
Fig. 8. Schematic depicting the action of evaporated metal ﬂux on the ﬂow pattern of the surrounding Ar gas and displacement of particles in the powder bed. At high pressures the
Knudsen number (Kn) is small as shown on the left, and the low pressure zone near the melt pool caused by high speed metal vapor ﬂux induces Ar gas ﬂow through the Bernoulli
effect which in turn results in powder particle entrainment. As shown in the left diagram for Kn < 1, particles are either drawn into the melt pool, adding to melt pool material
consolidation, or are ejected upward (and rearward) as shown in the high speed video. Conversely, at low pressures where the surrounding Ar gas transport is deﬁned by a
molecular ﬂow, Kn is large and the metal vapor ﬂux can expand laterally which will tend to push powder particles outward with minimal material consolidation into the melt pool.
Particle collisions from glancing irradiation conditions as discussed in the text can also act to expel powder outward.
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laser generated plumes by Ho et al. [22]. However, using a velocity
of 700 m/s and estimating a vapor stream size similar to the laser
spot size we derive a Reynolds number Re~3500 implying a highly
turbulent ﬂow, thus deviating from the simple case of a laminar
submerged jet [19,21]. Balance of momentum and mass indicates
that the jet pulls in the surrounding gas [19]. In the submerged jet
case, the jet propagates within a narrow cone with an angle of ~25
thus deﬁning the region over which the surrounding gas is drawn
in. The total ﬂux in the jet, Q, grows as Q∝x, where x is the distance
from the surface and the average jet velocity drops as 1/x. The
velocity of the incoming Ar gas ﬂow over the adjacent powder is
10’s of times smaller than the metal vapor jet velocity [21], about
10 m/s in our case, but can be high enough to entrain the particles
and explain the observations for pressures greater than ~10 Torr.
The entrainment of particles in the convective ﬂow which was
observed in our experiments can be expected from the arguments
given above and will lead to particles far (several particle di-
ameters) from the laser spot moving towards and becoming
consolidated with the melt pool. As depicted in Fig. 8 for a
simpliﬁed ﬂow pattern, those particles which can attain signiﬁcant
vertical momentum from particle-particle collisions or are
entrained by the vapor stream will tend to follow the vapor ﬂow
and are expelled, while those scattered downward or with negli-
gible vertical momentum will collide and are available to merge
with the melt pool. Thus, in terms of source material for the ﬁnal
weld bead produced by LPBF, the convective ﬂow due to evapora-
tion and subsequent particle entrainment are shown to be impor-
tant factors. It is interesting to note that the induced gas ﬂow
extends beyond the width of the melt pool and continues to supply
particles to the laser-scanned region even when the melt pool
temperature cools down. These particles therefore may not melt
completely and can be a source of surface roughness and porosity.
To the author’s knowledge, this physical phenomenon has not been
brought to light prior to this study and up to now has not been
addressed through modeling.
From the preceding explanation of the cause of the DZ via par-
ticle entrainment by convective ﬂow at high pressure, one might
expect that the reduction of the ambient pressure would suppress
the denudation. Surprisingly, the experiments demonstrate that
with decreasing pressure the denudation is evenmore pronounced,
and displays widely varying behavior for pressures below 10 Torr.This observation is consistent with the notion of competing vapor
ﬂow phenomena as discussed earlier. For pressures above 10 Torr,
the increased range of the convective ﬂow can be understood
through the reduction in ambient pressure resistance, which leads
to an increase in vapor velocity emanating from the melt pool. The
increase of vapor ﬂux with decreasing ambient pressure was
studied by Ho et al. for microsecond vapor plume evolution from
nanosecond pulsed ablation of Au substrates [22], and is consistent
with the present interpretation of increased particle entrainment.
Below ~10 Torr, a dramatic decrease in DZ is observed, and is
indicative of the onset of rariﬁed or molecular ﬂow. The Knudsen
number (Kn) for particles in a gas ﬂow is given by Kn ¼ l/d where
d is the particle diameter and l is the gas mean free path given by
l ¼ m
P0
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pkBT
2m
r
(3)
where m ¼ 22.3 mPa s is the dynamic viscosity of Ar, P0 ¼ 760 Torr is
ambient pressure, m ¼ 6.6  1026 kg is the mass of an Ar atom.
Using these values, we arrive at a mean free path of l ¼ 69 nm at
760 Torr, 300 K which increases to 10 mm at 5 Torr, 300 K. However,
since m increases with temperature for Ar gas and the gas next to
the DZ can get to temperatures near 2000 K, we estimate that
m ~ 75 mPa s yielding a mean free path near 80 mm at 5 Torr and a Kn
value of approximately unity. At this pressure, the momentum
transfer from the transported gas is negligible and the entrainment
that leads to the DZ ceases to be effective.
From the preceding arguments, the DZ is determined to be
inﬂuenced by both the presence of the ambient gas that is capable
of transferring momentum to the powder, the change in resistive
gas pressure from ambient Ar gas, and the vaporization of themetal
melt pool and subsequent convective ﬂow. With the ﬁrst two of
these drivers removed for Kn > 1, we are left with only metal gas
ﬂux from the evaporating metal, to explain the increase of the DZ
for pressures below 5 Torr. One possible explanation could be that
particles adjacent to the melt pool may receive ‘glancing’ laser
heating such that a vapor ﬂux is generated that propels the particle
away from the laser spot center. See frames from the modeling
results in the top of Fig. 7. The recoil momentum of evaporated
material pushes the particle out of the DZ, and collisions with other
particles transfers momentum such that all adjacent particles start
to move. The observation of the powder pile-up on the edge of the
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explanation. However, careful inspection of the DZ at low (<5 Torr)
and high (>10 Torr) shows that in the low pressure case, mostly
larger particles remain, while at higher pressures the opposite is
true. If edge vaporized particles knocking adjacent particles away
from the laser path were the cause of the DZ at low pressures, one
would expect both small and large particles to be knocked away. An
additional consideration is the expansion of the metal vapor at low
pressures. While a relatively narrow vapor jet is expected for the
case of a ‘submerged jet’ as argued above, the angle of vapor
expansion will increase with decreasing ambient pressure. This
effect of ambient gas pressure on vapor jet expansion can similarly
be observed in the case of high altitude rocket exhaust plumes [22]
and is a consideration in rocket engine design: At low altitudes and
high pressures, rocket exhaust is conﬁned to a narrow jet, while at
high altitudes and low pressures a much wider plume can be
observed. Additionally, up until now it has been assumed that the
melt pool presents a vaporizing surface that directs ﬂow normal to
the build plane; however, the dynamic motion of the melt pool
leads to transient shapes that are nearly tangentially directed (see
high-speed video) and could enhance outward ﬂow along the
surface, pushing particles away and causing the DZ to appear. This
outward ﬂow would tend to push out smaller particles in the same
way that they are preferentially pulled in at higher pressures.
In our analysis of denudation, we considered other possible ef-
fects, such as rapid thermal expansion of the particles and/or
substrate, expansion of gas trapped within void spaces and thermal
buoyancy effects, which we brieﬂy discuss here. Very rapid heating
of the powder results in thermal expansion of the powder with
high velocity and can produce lateral particle motion. Substrate
heating can result in displacement of the substrate in the vertical
direction and subsequent powder ejection similar to that of the
laser cleaning process [23]. The analysis of ourmodel shows that for
the parameters of interest, the vertical velocities in denudation
zone are too small to produce the denudation effect. It was sug-
gested (see e.g., Y. Chivel in Ref. [24]), that the heated gas trapped in
the porous structures can move the particles aside. While this
mechanism may contribute to the low pressure, outward move-
ment of particles, it cannot explain the inward movement at higher
pressures. Finally, convection due to buoyancy of the heated gas
above the melt pool can compete with vapor ﬂux from the evap-
orating metal. For an Ar gas density differential, Dr ~ 0.4 kg/m3, for
gas heated between 300 and 2000 K the velocity due to convected
gas can be approximated through balance with viscosity as
u z d2gDr/m which yields velocities near 10 mm/s, far too slow to
explain the current results.
6. Conclusion
We have presented a detailed study of the denudation of tita-
nium alloy and steel alloy powders under varying laser conditions
and ambient gas pressures. Our key ﬁnding is that, for a typical LPBF
environment (Ar gas at 760 Torr), the dominant driving force for
denuding powder near a melt track is the entrainment of particles
by surrounding gas ﬂow, due to the Bernoulli effect induced by the
vaporizing melt track center. We have demonstrated that the gas
ﬂow affects the height of the track and the extent of denudation
thus will have signiﬁcant inﬂuence on ultimate processing quality
of LPBF parts. Our ﬁnite element modeling results indicate a melt
pool that directs vapor normal and rearward relative to laser scan
direction, consistent with the observed motion of entrained parti-
cles. Moreover, through high-speed video, a portion of the
entrained particles are observed to be a source of material which
ultimately resides in the resolidiﬁed track after being consumed by
the melt pool which can be directly related to the ﬁnal surfaceroughness The drag force on the particles due to the shear ﬂow
slows down with decreasing gas density and at some pressure re-
verses the particle motion. At this pressure the width of the
denudation zone is observed to be at a minimum. For the param-
eters of experiments presented here, the pressure for this mini-
mum is about 4 Torr. We note that at this pressure the mean free
path for Ar atoms ranges from ~10 mm at 300 K to ~85 mm at 2000 K
and can become larger than the particle size (Kn > 1), thus driving
the nature of the gas transitions from a ﬂuid to a rariﬁed ﬂow. At
low pressures, the sources of denudation is postulated to be that of
either tangentially vaporizing particles which collide with nearby
particles as observed in our simulations, or from a dynamically
undulating melt pool which transiently directs metal vapor ﬂow
along the surface entraining particles and sending them outward.
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